Although serum amyloid A (SAA) is an excellent marker for coronary artery disease, its direct effect on atherogenesis in vivo is obscure. In this study we investigated the direct effect of SAA on promoting the formation of atherosclerosis in apolipoprotein E-deficient (ApoE -/-) mice. Murine SAA lentivirus was constructed and injected into ApoE -/mice intravenously. Then, experimental mice were fed a chow diet (5% fat and no added cholesterol) for 14 wks. The aortic atherosclerotic lesion area was larger with than without SAA treatment. With increased SAA levels, the plasma levels of interleukin-6 and tumor necrosis factor-α were significantly increased. Macrophage infiltration in atherosclerotic regions was enhanced with SAA treatment. A migration assay revealed prominent dose-dependent chemotaxis of SAA to macrophages. Furthermore, the expression of monocyte chemotactic protein-1 and vascular cell adhesion molecule-1 (VCAM-1) was upregulated significantly with SAA treatment. SAA-induced VCAM-1 production was detected in human aortic endothelial cells in vitro. Thus, an increase in plasma SAA directly accelerates the progression of atherosclerosis in ApoE -/mice. SAA is not only a risk marker for atherosclerosis but also an active participant in atherogenesis.
INTRODUCTION
Atherosclerosis is an important underlying pathologic condition of cardiovascular disease (CVD), the leading cause of morbidity and mortality worldwide (1) . Because atherosclerosis is primarily a chronic inflammatory disease, clinical markers for inflammation are a useful indicator for identifying individuals at high risk of CVD. One marker is serum amyloid A (SAA), an acute-phase protein that is an excellent marker of inflammation and positively and significantly associated with prevalent CVD (2) (3) (4) . However, whether an elevated plasma level of SAA is a consequence of inflammation or has a direct effect on atherogenesis is unknown.
SAA is one of the major acute-phase proteins in vertebrates (5) . It is produced principally by the liver in response to acute inflammatory stimuli and its plasma concentration can increase by up to 100-to 1000-fold over the basal level (6) . SAA exists both in an acute-phase form (A-SAA) and a constitutive form (C-SAA). The A-SAA form has major isoforms, SAA1 and SAA2, with primary structures that are 93% identical (98 of 104 amino acids). SAA1 predominates in plasma, where it functions as a major isotype (7, 8) . Accumulating evidence supports the involvement of SAA in atherogenesis. For example, when subcutaneously injected into mice, SAA may enhance the migration and adhesion of monocytes and polymorphonuclear leukocytes at the injection site (9) , and SAA is deposited in murine atherosclerosis through all stages of lesion development (10) . SAA increases the binding affinity of high-density lipoprotein (HDL) for macrophages and endothelial cells (11) and promotes cellular HDL cholesterol (HDL-C) metabolism through its effects on HDL-C ester uptake by scavenger receptor B-I (12) . Murine SAA adenovirus injection resulted in decreased reverse cholesterol transport from macrophages to feces in vivo (13) . Moreover, increased SAA levels mediated by a high-fat diet and cholesterol were found to be associated with increased atherosclerosis in mice (14) , which provides a link between diet and inflammation. Recent studies have demonstrated that SAA can stimulate proteoglycan synthesis and induce endothelial dysfunction, which suggests a crucial role of SAA in atherosclerosis development (15, 16) . 
Serum Amyloid A Directly Accelerates the Progression of Atherosclerosis in Apolipoprotein E-Deficient Mice
A series of in vitro experiments showed that SAA could modulate the activity and expression of multiple factors implicated in atherogenesis. For example, in vascular endothelial cells and monocytes, SAA greatly induced secretion of cytokines such as interleukin (IL)-1β, IL-6, IL-8, IL-10, tumor necrosis factor-α (TNF-α), and macrophage inflammatory protein 1α (17) (18) (19) . SAA may also upregulate monocyte chemotactic protein-1 (MCP-1) in both human peripheral blood monocytes and umbilical vein endothelial cells (20, 21) . In addition, the role of SAA in rheumatoid arthritis, an inflammatory disease, has been explored (22) .
Despite the numerous reported proatherogenic properties of SAA, we lack direct proof that SAA is an active participant in the atherosclerosis process in vivo. To investigate whether SAA is purely a risk marker for atherosclerosis or is also an active risk factor in vivo, we examined the effect of high-level expression of SAA on atherosclerosis development by using apolipoprotein E-deficient (ApoE -/-) mice transfected with lentivirus to induce SAA overexpression. Findings from this study were consistent with a direct causal role of SAA in atherogenesis.
MATERIALS AND METHODS

Chemicals and Reagents
Because SAA1 is a major isotype of acute-phase protein SAA and may determine total SAA values (7) , the lentiviral vector containing the coding sequence of the SAA1 gene was sourced commercially (Invitrogen, Shanghai, China). Recombinant human SAA protein (a consensus molecule of the SAA1 and SAA2, endotoxin level less than 0.1 ng/μg) was from Peprotec (Rocky Hill, NJ, USA). Goat anti-mouse antibody for SAA1 was from R&D Systems (Minneapolis, MN, USA). Rat anti-mouse monoclonal antibody for macrophages and rabbit anti-mouse polyclonal antibody for MCP-1 were from Abcam (Cambridge, MA, USA). Goat anti-mouse and human antibody for vascular cell adhesion mole-cule-1 (VCAM-1) was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). We used a mouse SAA enzyme-linked immunosorbent assay (ELISA) kit from Invitrogen (Carlsbad, CA, USA). Mouse IL-6 and TNF-α ELISA kits were from eBioscience (San Diego, CA, USA).
Murine Studies
Male ApoE -/mice (n = 120) were obtained from Peking University (Beijing, China). Mice were maintained under conditions of standard lighting (12:12-h light-dark cycle), temperature (20°C-22°C) and humidity (50%-60%) with food and water freely available. In total, 30 mice were fed a high-fat diet (16% fat and 0.25% cholesterol) for 12 wks, then another 90 animals were fed a chow diet (5% fat and no added cholesterol) for 14 wks for a subsequent study. The animal experimental protocol complied with the animal management rules of the Chinese Ministry of Health (document no. 55, 2001) and was approved by the Animal Care and Use Committee, Shandong University.
We randomly divided both diet groups of mice into three subgroups each. At age 8 wks, unanesthetized mice were injected intravenously with lentivirus-expressing mouse SAA1 (lenti-SAA group, high-fat diet group, n = 10; chow diet group, n = 30) at a total lentivector dose of 1 × 10 7 TU/mouse, a null lentivirus (lenti-null group, high-fat diet group, n = 10; chow diet group, n = 30) or saline (saline control group, high-fat diet group, n = 10; chow diet group, n = 30).
Collection of Blood Samples and Biological Measurements
At 14 wks after lentivirus injection, mice were anesthetized with pentobarbital injected intraperitoneally, and blood samples were taken by retro-orbital bleeding. Serum was separated by centrifugation at 4°C, and serum levels of SAA, IL-6 and TNF-α were detected by ELISA within 30 min. The levels of total cholesterol (TC), triglycerides (TG), HDL-C and low-density lipoproteincholesterol (LDL-C) were measured by use of an automatic biochemistry analyzer (Hitachi, Tokyo, Japan).
Tissue Harvesting and Quantification of Atherosclerosis
Mice were anesthetized by intraperitoneal pentobarbital injection, then perfused through the left ventricle with phosphate-buffered saline (PBS) under physiological pressure; the heart and aorta were removed and perfusion-fixed with 4% paraformaldehyde for histological and morphological staining or with PBS for real-time polymerase chain reaction (PCR) and Western blot analysis. Because the aortic arch region of ApoE -/mice is the main part of the aorta that exhibits atherosclerotic lesion formation, atherosclerosis was evaluated by analysis of serial sections of the aortic sinus and by en face analysis of the aorta (23) . Briefly, hearts were fixed in 4% paraformaldehyde overnight and then embedded in optimal cutting temperature compound. At least 50 serial cryosections 6-μm thick were cut, beginning at the junction of the left ventricle and the aorta. Sections were stained with hematoxylin and eosin (H&E). The lipid core was identified by Oil-Red-O staining. For en face analysis, the aorta was stripped of adventitia and dissected longitudinally from the iliac arteries to the aortic root, then branching vessels were removed. The paraformaldehyde-fixed aorta was pinned flat on a black surface, and the atherosclerotic lesion area was readily visualized with Oil-Red-O staining. Average lesion area was quantified by use of ImagePro-Plus software (Media Cybernetics).
Immunohistochemical Analysis
Immunohistochemical analysis involved the use of primary antibodies for macrophages (diluted 1:200) and MCP-1 (diluted 1:100). Briefly, cryosections were rehydrated in PBS (pH 7.4) and blocked with 3% H 2 O 2 and 5% bovine serum albumin (BSA) for 20 min at room temperature. Tissue sections were incubated with primary antibodies overnight at 4°C and appropriate biotinylated secondary antibodies for 1 h at 37°C. Afterward, a 3,3'-diaminobenzidine staining kit (ZSGB-Bio, Beijing, China) was used to visualize the primary antibody, then sections were rinsed in water and counterstained with hematoxylin to detect cell nuclei. Data were analyzed by use of Im-agePro-Plus software.
Immunofluorescence
Cryosections were blocked with 5% BSA for 20 min at room temperature. Then, sections were incubated with primary antibodies against SAA1 (diluted 1:200), macrophages (diluted 1:200) and VCAM-1 (diluted 1:100) overnight at 4°C and then for 1 h at 37°C with an appropriate secondary antibody. DyLight 549conjugated donkey anti-goat IgG (Jackson ImmunoResearch, West Grove, PA, USA), Cy2-conjugated donkey anti-goat IgG (Jackson ImmunoResearch) and FITC-conjugated goat anti-rat IgG (Santa Cruz Biotechnology) were used as secondary antibodies. A drop of prolong gold antifade reagent with DAPI (Invitrogen) was used to seal coverslips. Images were acquired by laser scanning confocal microscopy (LSM710, Carl Zeiss, Germany). Data were analyzed by use of ImagePro-Plus software.
Cell Culture and Western Blot Analysis
Human aortic endothelial cells (HAECs) were obtained from American Type Culture Collection (Manassas, VA, USA) and cultured in endothelial culture medium (ScienCell, San Diego, CA, USA) supplemented with 5% fetal bovine serum (FBS). Cells between passages three and five were used. HAECs were stimulated with 20 μg/mL recombinant human SAA protein for various times, then proteins were extracted and separated on 10% sodium dodecyl sulfate-polyacrylamide gel, and blotted onto a polyvinylidene difluoride membranes (Pierce, Rockford, IL, USA), which were incubated with 5% nonfat dry milk in TBS-T [20 mmol/L Tris-HCl (pH 8.0), 8 g/L NaCl, and 0.1% Tween 20] at room temperature for 2 h, then with goat anti-human antibody for VCAM-1 at 4°C overnight and washed with TBS-T. Antigen-antibody complexes were visualized after incubation with horseradish peroxidase-conjugated rabbit anti-goat IgG antibody (1:10000) with use of the SuperSignal West Pico enhanced chemiluminescence kit (Pierce). Immunoreactive bands were quantified by use of the densitometer analysis system Flurochem 9900-50 (α Innotech, Santa Clara, CA, USA). The expression level of the sample was indicated as a ratio of sample to β-actin.
Quantitative Real-Time PCR
Total RNA was extracted from frozen aortic specimens or HAECs by use of Trizol (Invitrogen) according to the manufacturer's instructions. The concentration of total RNA was quantified by spectrophotometry and reverse transcribed with use of the M-MLV (Moloney murine leukemia virus) Reverse Transcriptase System (Fermentas, Shenzhen, China) and oligo (dT). Total cDNA was amplified by use of Light-Cycler-FastStart DNA Master SYBR Green I (TaKaRa Biotechnology, Dalian, China). It was very important to select the appropriate reference genes in the realtime PCR. Thus, a reference gene group including β-actin, TATA box binding protein (TBP) and GAPDH was chosen for both in vivo and in vitro studies according to the relevant references (18, 21, (24) (25) (26) (27) . In addition, the geometric mean of the expression of the reference genes was used to confirm the robustness of experimental data (28) . Real-time PCR was carried out by using the primers listed in Table 1 . The specificity of products generated for each set of primers was examined with the use of a melting curve and gel electrophoresis. The relative expression levels of each target gene were normalized to the mRNA of the internal standard genes.
Migration Assay
The migration assay involved use of a modified Boyden chamber containing polycarbonate inserts with 8-μm pores (BD Biosciences, Oxford, UK). To detect murine macrophage chemotaxis to SAA, the murine SAA1 lentivirus was transfected into HEK 293 cells (ATCC). Cells were cultured in Dulbecco´s modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% FBS for 72 h, then cell-free supernatants that contained a large amount of murine SAA1 protein were collected and diluted for different times with DMEM to form a concentration gradient (1:5, 1:10, 1:50). To assess macrophage migration, 1 × 10 5 RAW264.7 murine macrophages (ATCC) were loaded in the upper chamber, and the lower chamber contained different concentrations of murine SAA1 protein diluted with DMEM. After incubation for 8 h at 37°C in a 5% CO 2 incubator, nonmigrating cells were removed from the upper surface by gentle scrubbing. Migrated cells attached to the lower membrane were fixed with 1% glutaraldehyde and stained with 0.1% crystal violet. To assess the mean number of migrating cells, cells were counted in five random fields.
Statistical Analysis
SPSS for Windows v16.0 (SPSS Inc, Chicago, IL, USA) was used for statistical D 1 7 ( 1 1 -1 2 ) analysis. Results were expressed as mean ± SD. The normal distribution of our data was checked by use of the SPSS program. Data were assessed by one-way ANOVA or Student t test between two groups. P < 0.05 was considered statistically significant.
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RESULTS
Body Weight and Measurement of Plasma Variables
ApoE -/mice fed a chow diet did not differ in body weight, activity, behavior, or lipid levels by treatment (Table 2) . Therefore, we excluded the influence of lipid levels on atherosclerosis in this study. The plasma levels of SAA were higher for the lenti-SAA group than the lenti-null and saline control groups, so the SAA1 lentivirus was efficiently transfected in vivo ( Table 2 ). The lenti-null and saline control groups did not differ in plasma levels of IL-6 or TNF-α, so the injection of the lentivirus vector was safe and did not induce inflammatory responses. Most importantly, with elevated SAA levels, the plasma levels of IL-6 and TNF-α were significantly higher in the lenti-SAA than the lenti-null group, which agreed with previous in vitro studies (18, 19) .
Increased Plasma SAA Level Directly Promotes Atherosclerotic Lesions with the Chow Diet
Atherosclerotic lesion involvement in ApoE -/mice was confined mainly to the aortic arch region throughout the entire experiment. With a high-fat diet, the lenti-SAA and lenti-null groups did not differ in plaque formation (Figure 1 ), but with a chow diet, all lenti-SAA mice showed plaque formation in the aortic arch (Figure 2) , with no plaque found in 7 of 30 mice in the lenti-null group, and only mild lesions found in the other 23 mice (76.67%). By using en face analysis of the aorta, we calculated total atherosclerotic lesion area as an indicator to evaluate the level of atherogenesis (Figure 2A ). Lesion area was significantly larger for the lenti-SAA than the lenti-null group (7.74% ± 2.35% versus 1.69% ± 1.35%, P < 0.01; Figure 2B) . The atherogenesis level at the aortic sinus was evaluated by Oil-Red-O and H&E staining according to the ratio of total atherosclerotic lesion area to aortic lumen area ( Figure 2C ). The mean lesion sizes at the aortic sinus were greater for the lenti-SAA than the lenti-null group (18.14 ± 4.17 versus 6.06 ± 4.23, P < 0.05; Figure 2D ). Thus, we used chow-fed mice for subsequent experiment.
Increase in Plasma SAA Level is Associated with Macrophage Accumulation in Atherosclerotic Regions
Immunohistochemical analysis showed a greater increase in the accumulation of macrophages for the lenti-SAA than the lenti-null group ( Figure 3A) . Because SAA is a classic chemoattractant to peripheral blood leukocytes, we ob- 1 7 ( 1 1 -1 2 ) 1 3 5 7 -1 3 6 4 served the colocalization of SAA with macrophages in lesions on aortic cryosections. The distribution of macrophages was consistent with SAA protein localization ( Figure 3B) . To confirm the association of SAA protein and macrophage distribution in vitro, we performed a migration assay and found prominent dose-dependent SAA chemotaxis to macrophages ( Figure 3C ).
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SAA Induces MCP-1 Secretion in Atherosclerotic Plaque
Because MCP-1 is a key molecule regulating chemotactic migration of macrophages, we observed the expression of MCP-in vivo by use of immunohistochemical analysis. MCP-1 secretion was increased with an elevated level of plasma SAA (Figures 4A, B) , which was confirmed by real-time PCR ( Figure 4C ).
SAA Upregulates VCAM-1 Production in Atherosclerotic Lesions and In Vitro
Immunofluorescence analysis revealed upregulated VCAM-1 expression in vivo in the lenti-SAA group compared with the lenti-null group (Figures 5A, B) . VCAM-1 mRNA expression results agreed with protein-level results (Figure 5C ). To further demonstrate the role of SAA on VCAM-1 expression in vitro, Western blot analysis of VCAM-1 expression in HAECs stimulated with recombinant human SAA (20 μg/mL) for various times showed time-dependent induction of VCAM-1 production ( Figure 5D ). Real-time PCR of the mRNA expression confirmed these results, which suggested that SAA-induced VCAM-1 synthesis requires transcriptional activation (Figure 5E ). In addition, VCAM-1 expression was dose-dependently induced in HAECs treated with different concentrations of SAA ( Figure 5F ).
DISCUSSION
We report a novel direct effect of SAA in atherogenesis in mice, in that an increased plasma level of SAA can accelerate the progression of atherogenesis. Macrophages were accumulated in athero sclerotic regions of lenti- SAA-treated mice. In addition, MCP-1 expression in aortas was upregulated with the increased plasma level of SAA. These data in vivo agree with previous results in vitro (20, 21) . SAA induced VCAM-1 expression in HAECs, thus increasing the formation of atherosclerotic plaque by enhancing the binding of leukocytes to HAECs in lesion regions. Plasma levels of IL-6 and TNF-α were significantly increased with elevated levels of plasma SAA in vivo. All of these results demonstrate a key role of SAA as a direct participant in the process of inflammation and leukocyte recruitment, adhesion and migration, which ultimately accelerate the formation of atherosclerosis. SAA is not merely a locally expressed acute-phase or bystander protein but also a key regulator in the pathology of atherosclerosis.
Under normal conditions the production of SAA in the acute-phase response is accompanied by a marked increase in SAA, which is then catabolized by the liver, leading to lower levels. However, in chronic diseases SAA levels can be persistently elevated. Therefore, in chronic inflammatory diseases SAA may be derived from some other tissues such as adipose tissue. Thus, we constructed a lentiviral vector containing the coding sequence of the SAA1 gene to imitate persistent overexpression of SAA1. Increased SAA expression in subcutaneous white adipose tissue can result in increased circulatory levels of SAA (29) . The epidemic of obesity is accompanied by an increase in atherosclerotic diseases and may have a close association with SAA levels (30) . The increase in adiposederived SAA in obesity may be a mechanistic link between obesity and accelerated atherosclerosis.
In the present study, the proinflammatory effects of SAA on increasing the plasma levels of IL-6 and TNF-α in vivo were consistent with those of previous studies in vitro (18) . Because the plasma levels of IL-6 and TNF-α are predominant indicators of inflammation and both are activists in the inflammatory response (31, 32) , SAA is strongly implicated as a powerful and rapid inducer of proinflammatory cytokines, thus contributing to the progression of atherosclerosis. In addition, a comparison of plasma levels of IL-6 and TNF-α in lentinull and saline control groups revealed the safety of lentivirus vector injection. Therefore, we could focus on the difference between the lenti-SAA group and lenti-null group.
Atherosclerosis is an inflammatory disease characterized by dynamic interactions between cells in the arterial wall, including endothelial cells and macrophages (33) . During the pathogenesis of atherogenesis, persistent macrophage infiltration is crucial as a response to invasion of pathogenic lipoproteins in arterial walls (34) . Thus, the deposition of macrophages in atherosclerotic plaque should be detected. Our findings both in vivo and in vitro support those of previous studies demonstrating that SAA is a bioactive chemotaxin for monocytes/ macrophages (35, 36) and can upregulate chemotactic cytokines including MCP-1 and TNF-α (37) . In addition, SAA is an apolipoprotein that can bind to HDL and LDL (11, 38) , which, along with the accumulation of SAA protein, attracts phagocytes to lesion regions so that SAA/HDL or SAA/LDL are phagocytized rapidly by macrophages. However, with this process, the number of foam cells will increase and promote the formation of atherosclerotic plaque. We showed increased accumulation of macrophages in the lenti-SAA group, and colocalization of SAA with macrophages was confirmed in lesions on aortic cryosections. Furthermore, migration of inflammatory cells is a key step in the early event of atherogenesis and is mediated by the presence of cell adhesion molecules, including VCAM-1, on the vascular endothelium (39) . We demonstrated that SAA-induced VCAM-1 expression promoted adherence of leukocytes to HAECs in atherosclerotic lesions. In combination with its chemotactic ability, SAA indeed exerts a direct role in atherogenesis.
Although the influence of plasma lipids on atherogenesis was ruled out to 1 7 ( 1 1 -1 2 ) 1 3 5 7 -1 3 6 4 emphasize the direct independent effects of SAA in this study, obesity and hyperlipidemia are the major reasons for an elevation in plasma SAA concentration in the chronic physiological condition, with SAA considered an important adipokine (19) . For our group of mice fed a high-fat diet for 12 wks, we found no difference in lesion area between the lenti-null and lenti-SAA groups (see Figure 1) , despite a higher plasma SAA level for the lenti-SAA group (71.6 ± 12.7 versus 86.5 ± 13.2 μg/mL). The proatherogenic role of SAA lentivirus may have been masked by hyperlipidemia. Therefore, to highlight the inde-pendent effects of SAA on atherogenesis, we investigated mice given a chow diet and found a significant difference in lesion area between the two groups.
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In conclusion, we provided the first in vivo evidence that an elevated plasma level of SAA can accelerate the progression of atherosclerosis directly and independently. SAA is an active participant in the process of atherogenesis by inducing expression of inflammatory cytokines and promoting the recruitment, adhesion and migration of leukocytes, thus contributing to the link between obesity and atherosclerosis. These findings may be helpful in designing novel therapeutic strategies against obesity-associated atherosclerosis.
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